-The treatment of heart failure (HF) is challenging and morbidity and mortality are high. The goal of this study was to determine if inhibition of the late Na ϩ current with ranolazine during early hypertensive heart disease might slow or stop disease progression. Spontaneously hypertensive rats (aged 7 mo) were subjected to echocardiographic study and then fed either control chow (CON) or chow containing 0.5% ranolazine (RAN) for 3 mo. Animals were then restudied, and each heart was removed for measurements of t-tubule organization and Ca 2ϩ transients using confocal microscopy of the intact heart. RAN halted left ventricular hypertrophy as determined from both echocardiographic and cell dimension (length but not width) measurements. RAN reduced the number of myocytes with t-tubule disruption and the proportion of myocytes with defects in intracellular Ca 2ϩ cycling. RAN also prevented the slowing of the rate of restitution of Ca 2ϩ release and the increased vulnerability to rate-induced Ca 2ϩ alternans. Differences between CON-and RAN-treated animals were not a result of different expression levels of voltage-dependent Ca 2ϩ channel 1.2, sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2a, ryanodine receptor type 2, Na ϩ /Ca 2ϩ exchanger-1, or voltage-gated Na ϩ channel 1.5. Furthermore, myocytes with defective Ca 2ϩ transients in CON rats showed improved Ca 2ϩ cycling immediately upon acute exposure to RAN. Increased late Na ϩ current likely plays a role in the progression of cardiac hypertrophy, a key pathological step in the development of HF. Early, chronic inhibition of this current slows both hypertrophy and development of ultrastructural and physiological defects associated with the progression to HF. t-tubule; ranolazine; late INa; heart failure; calcium handling HEART FAILURE (HF) is commonly increasing and associated with significant morbidity and mortality (19) . Once established, HF is difficult to treat. An alternative approach would target patients before the onset of overt HF, during the stage when pathological cardiac changes are accumulating. Directed therapies during this vulnerable period may slow the progression to HF.
Recently, the late component of the rapid Na ϩ current (I Na,L ) has been shown to be increased in a number of models of HF (30) as well as in ischemia (10) . The increase in I Na,L may be responsible for the rise in intracellular Na ϩ concentration ([Na ϩ ] i ) that has been reported in myocytes from nearly all animal models of HF, and in myocytes from human failing hearts (22, 24, 31, 32 (40) . I Na,L -induced Ca 2ϩ overload and activation of CaMKII are responsible for the reverse force-frequency relationship and ultimately for Ca 2ϩ waves and triggered arrhythmias (22-24, 31, 32 ). An activated CaMKII may also phosphorylate voltage-gated Na ϩ channel 1.5 (Nav1.5), slowing Na ϩ channel inactivation and further increasing I Na,L (16) . These interesting findings about the interaction between I Na,L and CaMKII raise the possibility that inhibition of I Na,L could be beneficial for the treatment of HF.
T-tubule disruption is a cellular mechanism that contributes to the development of HF. It has been known for some time that t-tubule organization is decreased in nearly all animal and human models of HF (5, 7, 14, 15, 35) . More recently, it has been suggested that the development of HF occurs as the number of myocytes exhibiting t-tubule disruption increases so that cardiac function declines as more myocytes are affected (4, 35) . These new studies suggest that t-tubule organization plays a critical role not only in normal Ca 2ϩ cycling but also in the development of HF, as progressively more myocytes have poor t-tubule organization.
The goal of this study was to test the hypothesis that early intervention with an inhibitor of I Na,L might slow the progressive pathological changes of the myocardium (e.g., t-tubule disruption and Ca 2ϩ cycling defects) that lead to HF. Spontaneously hypertensive rats (SHRs; 7 mo old) were randomly assigned to control (CON; no drug) or ranolazine (RAN) treatment groups for 3 mo. The 3-mo treatment with the I Na,L inhibitor ranolazine (RAN) (3, 6) was intended to serve as a proof of concept that inhibition of I Na,L at an early stage of hypertension-induced hypertrophy could delay or prevent the development of HF. studied using echocardiography and then either maintained on normal chow (CON) or started on chow containing 0.5% RAN. The mean plasma RAN concentration measured in RAN-treated rats at the end of the study was 5.4 Ϯ 0.5 M, a value that is within the therapeutic range (2-8 M). After 3 mo, a repeat echocardiogram was performed. There were no significant differences in body weight, heart weight, heart weight-to-body weight ratio, heart rate, or systolic and diastolic blood pressures of rats in the CON and RAN groups at the time of study termination. After completion of the echocardiogram, each heart was then removed, perfused using the method of Langendorff to wash out pretreatment drug or vehicle, and used for imaging studies.
Imaging of t-tubule organization and intracellular Ca 2ϩ cycling. A Langendorff-perfused heart was placed in an experimental chamber on the stage of a Zeiss LSM510 laser scanning confocal microscope and then exposed to the membrane potential-sensitive dye 4-{␤-[2-(di-n-butylamino)-6-naphthyl]vinyl}pyridinium (di-4-ANEPPs; 8 -10 M) during recirculation with modified Tyrode solution at a temperature of 25 Ϯ 1°C. Cytochalasin-D (60 M) and blebbistatin (20 M) were then added to the perfusate to abolish contraction. Threedimensional images of t-tubule organization were recorded in 20 -25 subepicardial regions of the left ventricular (LV) free wall using a ϫ40 (numerical aperature, 1.2) water immersion objective. T-tubule organization was recorded in at least 100 -200 myocytes for each heart. The dye-containing solution was then washed out by perfusion of the heart with fresh Tyrode solution for 10 min, after which recirculation was initiated again with buffer containing fluo-4 AM (15 M). Two successive additions of 12 and 10 M fluo-4 AM to the perfusate were made after 20 and 40 min. The fluo-4 AM solution was then washed out to allow deesterification of the dye in the cytoplasm. Recirculation was reinitiated and the paralytic agents were again introduced into the solution.
Ca 2ϩ imaging was accomplished as previously described (1, 12, 33, 34) . Briefly, the scan line was placed either along the long axis of individual myocytes to obtain high resolution imaging of Ca 2ϩ cycling within a single cell or the line was placed across the short axis of multiple cells (up to ϳ14) to study Ca 2ϩ cycling in larger cell populations. Multiple sites were imaged in the middle of the LV free wall to get a random sampling of Ca 2ϩ cycling behavior among many myocytes in each heart. Note that kinetics of intracellular Ca 2ϩ changes but not amplitude can be reliably measured in hearts previously exposed to di-4-ANEPPS, because although interference by di-4-ANEPPS affects the absolute levels of fluo-4 fluorescence intensity, it does not alter the relative changes.
In some of the control-fed SHRs, we identified myocytes with defective Ca 2ϩ cycling (slow rise, low release, and slow decay). RAN (10 M) was then added to the superfusate, and these multicellular sites were imaged after 10 min of exposure to RAN.
Because we were interested in both the release and recovery phases of sarcoplasmic reticulum (SR) Ca 2ϩ cycling, we analyzed rise time (i.e., from 10 to 90% of the peak) and time to peak Ca 2ϩ (i.e., from baseline to 100% of the peak) transient and transient durations at 50, 80, and 90% (TD50, TD80, and TD90, respectively) of recovery to baseline. A customized MATLAB (Mathworks, Natick, MA) routine was used for measurements of Ca 2ϩ transients during pacing at a basic cycle length (BCL) of 700 ms and during rapid pacing (BCL ϭ 300 ms) to allow comparisons of Ca 2ϩ cycling at both slow and fast heart rates. In addition, restitution of SR Ca 2ϩ release was measured following a 30-s train at the basal pacing cycle length of 700 ms by interpolating a single beat at an interval ranging from 150 to 600 ms. Restitution as a function of increasing recovery interval was calculated by measuring Ca 2ϩ transient magnitude as percentage of that observed at the basal rate. The magnitude of Ca 2ϩ alternans (cycleto-cycle "large-small-large-small" alternations in Ca 2ϩ transient magnitude) was measured at the end of a 10-s period of rapid pacing at progressively shorter BCL from 400 to 180 ms, following 30 s of pacing at the basal rate. Alternans ratio (AR) was calculated as a measure of the variation of the beat-to-beat Ca 2ϩ transient amplitude Measurements of t-tubule organization using a fast Fourier transform. The two-dimensional (2-D) image from each z-stack that represented the middle of each myocyte excluding the external sarcolemma was identified and analyzed using customized MATLAB software and then transformed to the spectral domain using a fast Fourier transform. Power spectrum analysis was used to determine an index of t-tubule organization (OI) within a myocyte (9, 28) . To increase the sensitivity of our calculation of t-tubule organization, we measured the area under the power spectrum between frequencies 0.43 and 0.53 m Ϫ1 where normally organized t-tubules would be found (band 1, which peaks at a power of ϳ0.46 m Ϫ1 ). We then measured the area under the power spectrum between frequencies 0.33 and 0.43 m Ϫ1 where poorly organized t-tubules would be evident (band 2). All power below 0.33 m Ϫ1 was ignored because this component contains only system noise. OI was calculated as the power for organized t-tubules as a fraction of the total power of both poorly organized and normal t-tubules [band 1/(band 1 ϩ band 2)]. This approach provides a sensitive measure of both the decrease in well-organized t-tubules as well as the increase in poorly organized t-tubules, giving a usable range of ϳ0.45 to 0.95. OIs were measured for all cells in each heart to compare the effects of RAN versus CON. In these analyses, OI can decrease but cannot increase beyond a maximum, resulting in a naturally skewed rather than a normal distribution of OI values. Therefore, 95% confidence intervals for OI were used as a measure of variability in OI. Note, however, that mean and SD are also included because it will be the OI mean and the variability around the mean that will ultimately determine the physiological effect of OI variability in the whole heart.
Echocardiography. Echocardiography (2-D and M-mode) was performed on each animal at baseline (7 mo), and after 3 mo of treatment. animals were restrained and tail blood pressure was measured with a CODA System (Kent Scientific, Torrington, CT). All animals were imaged by a single, experienced echocardiographer using an i13L probe and a Vivid 7 echocardiography machine (General Electric). Short-axis, long-axis, and apical four-chamber views of the heart were obtained. LV mass, dimensions including LV end-diastolic diameter, fractional shortening, and ejection fraction were quantified, along with mitral inflow parameters. All measurements were made offline using an EchoPAC workstation (General Electric, Kenosha, Wisconsin).
Measurement of INa,L in isolated LV myocytes from 7-and 10-moold SHR. Briefly, 7-and 10-mo-old male SHRs were anesthetized and anticoagulated with heparin sodium. Hearts were removed and immediately mounted on a Langendorff apparatus to be perfused at 8 to 9 ml/min and 37°C with a solution of the following composition: (in mM) 140 NaCl, 4.4 KCl, 1.5 MgCl2, 120 NaH2PO4, 5 HEPES, 7.5 glucose, 16 taurine, and 5 Na pyruvate, adjusted with NaOH to pH 7.3. Hearts were then perfused with this solution supplemented with collagenase type I (0.8 mg/ml; Sigma-Aldrich, St. Louis, MO) and 0.2% bovine serum albumin. The LV free wall was dissected and finely chopped and gently triturated. Isolated myocytes were collected by filtration and stored in Kraftbrühe solution for 1 h at room temperature and then transferred to Eagle's minimal essential medium solution (M0518; Sigma-Aldrich), supplemented with (in mM) 1 Ca 2ϩ , 5 HEPES, and 5 glucose at pH 7.3 (NaOH). Isolated cardiomyocytes were used within 6 -8 h after isolation.
Whole cell INa was recorded at 22 Ϯ 1°C using the patch-clamp technique and a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Cardiomyocytes were superfused with bath solution containing (in mM) 135 NaCl, 4.6 CsCl, 1.8 CaCl2, 1.1 MgSO4, 10 HEPES, and 10 glucose and 0.01 nitrendipine at pH 7.4. Patch pipettes were made from borosilicate glass (World Precision Instruments, Sarasota, FL) using a DMZ Universal puller (Dagan, Minneapolis, MN). Pipette resistance was 1-2 M⍀ when filled with a pipette (internal) solution containing (in mM): 120 aspartic acid, 20 CsCl, 1 MgSO 4, 4 ATPNa2, 0.1 GTPNa3 and 10 HEPES; pH adjusted to 7.3 with CsOH. After establishing a whole cell patch configuration, a period of 5-10 min was given for cells to stabilize before conducting experiments. I Na,L was measured as current amplitude between 210 and 220 ms after application (at a rate of 0.1 Hz) of a 220-ms depolarizing step to Ϫ20 mV from a holding potential of Ϫ120 mV. Data were acquired using pClamp 10.2 software (Molecular Devices) and analyzed using Clampfit 10, Microcal Origin (OriginLab, Northampton, MA), and GraphPad Prism (GraphPad Software, La Jolla, CA) software programs. Values of I Na,L in the absence and presence of RAN were corrected by subtraction of tetrodotoxin (10 M)-insensitive current. To determine the half maximal inhibitory concentration (IC 50) values for inhibition by ranolazine of INa,L, concentration-response relationships were fit using the Hill equation:
, where Idrug/Icontrol is fractional block, D is drug concentration, IC50 is the drug concentration that causes 50% block, and nH is the Hill coefficient.
Protein lysate preparation and Western blot analysis. Protein lysates were prepared by resuspending the frozen tissue in radioimmunoprecipitation assay buffer (pH 7.4) containing 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and 1ϫ protease inhibitors (Complete Mini, Roche) on ice. The tissue was homogenized on ice using six brief pulses of a polytron homogenizer.
Homogenates were centrifuged at 14,000 g for 20 min at 4°C to remove pellet. The supernatant was used for Western blot analysis. Cell lysates were heated with Laemmle sample buffer, consisting of 0.5 mM Tris·HCl (pH 6.8), 10% SDS, 10% glycerol, 4% ␤-mercaptoethanol, and 0.05% bromophenol blue at 55°C for 15 min. Equal amounts of protein (40 g/lane) were separated by SDS-PAGE (4 -20% gradient gel, Bio-Rad) and electroblotted on polyvinylidene difluoride membranes. Membranes were blocked using either 5% BSA or 5% nonfat skim milk in Tris-buffered saline with 0.1% Tween 20. Antibodies against voltage-dependent Ca 2ϩ channel 1.2 (Cav1.2; 1:1,000, Abcam), NCX (1:500, Swant Swiss antibodies), sarco(endo) plasmic reticulum Ca 2ϩ -ATPase 2a (SERCA2a; 1:200, Thermo Scientific), Nav1.5 (1:1,000, Alomone) and ryanodine receptor type 2 (RyR2; 1:500, Thermo Scientific) were incubated with the membranes overnight at 4°C. The membranes were then incubated with horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG secondary antibodies for 2 h at 37°C. GAPDH was used as a loading control. Protein bands were visualized with ECL-Plus reagent (Pierce; Thermo Fisher Scientific, Rockford, IL). Band intensity was quantified by densitometric scanning with ImageJ software (NIH, Bethesda, MD).
Statistics. Data are presented as means Ϯ SE unless otherwise indicated. Statistical analyses were performed using SigmaPlot 11.0. Sample means were compared between groups using either paired or unpaired t-tests, and ANOVA was used for comparisons for multiple groups with Student-Newman-Keul's tests for post hoc comparisons. Differences between sample means were considered significant when P Ͻ 0.05.
RESULTS

Chronic I Na,L block (3 mo) decreases the number of myocytes with poor t-tubule organization.
The OI was measured as a fluorescence signal from di-4-ANEPPs staining of the t-tubule membrane, excluding the sarcolemma. Results of OI measurements are shown in Fig. 1 . Figure 1A shows a myocyte from a CON heart with poor t-tubule organization, whereas Fig. 1B shows a cell from a RAN heart with highly organized t-tubules. The graphs below each 2-D image illustrate the results of the fast Fourier transform where the CON cell has a small peak and a high baseline to the left of the peak, indicating both an increase in poorly organized t-tubules and a decrease in well-organized t-tubules. In contrast, the RAN cell has a very sharp, high-peak and a very low baseline, indicating that virtually all fluorescence is found only in the highly organized t-tubule system. OI distributions from representative CON and RAN hearts are illustrated in Fig. 1 , C and D, respectively. For the CON rat heart (Fig. 1C) , the mean OI for all myocytes was 85.1 Ϯ 10.0% (OI ϭ 0.851) with a 95% confidence interval ranging from 65.5 to 104.7%. Note the distinct skewing of the distribution to the left, indicating a significant number of myocytes with poor t-tubule organization. In contrast, the RAN heart (Fig. 1D) has a slightly higher mean OI (86.2 Ϯ 10.9%) with a 95% confidence interval ranging from 66.6 to 105.8%. Fig. 1 , E and F, shows the cumulative OI histograms for all CON and RAN rats (n ϭ 8 for each group), respectively. The mean OI for all CON myocytes was 83.8 Ϯ 8.2% (OI ϭ 0.838, n ϭ 1,003 cells in 8 hearts) with a 95% confidence interval ranging from 83.3 to 84.3%. Note the distinct skewing of the distribution to the left. In contrast, myocytes from all RAN hearts had a higher mean OI (85.6 Ϯ 1.9%, n ϭ 1,230 in 8 hearts, P Ͻ 0.001 compared with CON), with a 95% confidence interval ranging from 85.2 to 85.9%. In addition, the percentage of myocytes with OI Յ 80% was significantly lower in hearts from RAN-treated compared with CON rats (14 Ϯ 3.0% vs. 37 Ϯ 10%, P Ͻ 0.05). These data demonstrate that not only is there a significantly greater OI in the myocytes from RAN hearts but there are also fewer myocytes with poorly organized t-tubules in the RAN hearts compared with CON hearts.
Chronic I Na,L block prevents the progression of LV hypertrophy. Echocardiographic measurements before and after 3 mo of CON and RAN feeding are summarized in Table 1 . There were no significant differences in cardiac structure and function (e.g., LV end-diastolic diameter, fractional shortening, ejection fraction) between CON and RAN-fed rats, with the exception of LV mass. Hearts from CON rats had the expected increase in LV mass from 7 to 10 mo (ϩ0.13 Ϯ 0.12 g), whereas LV mass in RAN rats declined (Ϫ0.06 Ϯ 0.11 g, P ϭ 0.005 vs. CON).
We also measured cell size characteristics that are associated with hypertrophy. Representative images in Fig. 2, A and B, show that cell length but not cell width was greater in the CON heart than following RAN treatment. The summary data show that cell length (measured in cells at rest) but not cell width was significantly greater in CON-than in RAN-treated rats at 10 mo (Fig. 2, C and E) . The variability in cell length but not in cell width was also significantly greater in hearts from RANtreated compared with CON-treated rats (Fig. 2, D and F Average fluorescence intensity is shown in the intensity profile above each line scan. On the right are intensity profiles from four selected myocytes from each image. The cells in the CON heart generally show a slower rise and delayed time to peak as well as slower decay to diastolic Ca 2ϩ levels than the myocytes in the RAN heart. The summary data in Fig. 3, C-F, show that there is a faster rate of Ca 2ϩ release (shorter rise time) in myocytes from RAN-fed animals and shorter overall time to peak release. The durations of Ca 2ϩ transients at both 50 and 90% of recovery (TD 50 , TD 90 ) were also significantly shorter in the RAN than in the CON heart (Fig. 3, E and F) .
Chronic block of I Na,L increases synchrony of Ca 2ϩ cycling within the myocyte. In addition to improving overall Ca 2ϩ cycling properties (rates of Ca 2ϩ release and removal), RAN also prevented the loss of synchronization in Ca 2ϩ cycling within the myocyte. Figure 4 , A and B, shows line scan images of Ca 2ϩ transients recorded along the length of individual myocytes in intact hearts of CON and RAN SHRs during basal pacing at BCL ϭ 700 ms. Note that the Ca 2ϩ transient is more variable along the cell length (rise time, magnitude, and duration) in the myocyte from CON than from the RAN-fed rat. Ca 2ϩ cycling was then analyzed in 2-m increments along the Values (means Ϯ SE) were collected before (age of 7 mo) and after (10 mo) feeding of spontaneously hypertensive rats with either normal chow (control) or chow containing ranolazine for 3 mo (n ϭ 8 rats in each group). LV, left ventricular; LVEDD, LV end-diastolic diameter; EF, ejection fraction; FS, fractional shortening; E/A, ratio of the early (E) inflow of blood to the left ventricle through the mitral valve upon its opening, to the subsequent peak of the atrial (A) contraction-induced inflow of blood. Fig. 2 . Summary of data for mean cardiomyocyte cell length and width in control-and ranolazine-fed spontaneously hypertensive rats (SHRs). A: 2-dimensional image of myocytes from a control heart. B: image of a ranolazine heart. C: summary of mean cell length. D: summary of variability (SD) of cell length. E: mean cell width. F: variability of cell width in hearts from control-(black bars) and ranolazine-fed (light gray bars) rats. N ϭ 1,024 and 1,234 myocytes from 8 hearts in each group. *P Ͻ 0.05 vs. control; **P Ͻ 0.01 compared with control. entire cell length, approximating the length of individual sarcomeres, and the SDs of individual parameters were calculated to measure variability in Ca 2ϩ release and reuptake along the cell length during both basal (BCL ϭ 700 ms) and rapid pacing (BCL ϭ 300 ms). Values of SD for Ca 2ϩ release (rise time, Fig. 4 , C and G) and for duration of the Ca 2ϩ transient at 50, 80, and 90 of recovery (TD 50 , TD 80 , TD 90 ; Fig. 4, D-F and H-J) were significantly decreased at both heart rates in the RAN myocytes compared with CON. These results indicate that the increased variability in Ca 2ϩ cycling in CON is reduced by RAN and that this effect was independent of heart rate.
Chronic RAN treatment prevents the increased vulnerability to rate-dependent Ca 2ϩ alternans found in HF. We recently reported a shift in the rate dependence of Ca 2ϩ alternans to much slower heart rates during the progression of HF in the SHR model; this shift parallels disease development and aging (11, 34) . The result is that Ca 2ϩ alternans develops at progressively slower heart rates during HF development, making these hearts more vulnerable to reentrant arrhythmias. Alterations of Ca 2ϩ release from the SR feedback on Ca 2ϩ -sensitive sarcolemmal ionic currents and exchangers such as the L-type Ca 2ϩ channel current and the NCX current to increase the temporal variability of action potential duration (APD) (25, 26) , which in turn establishes ventricular repolarization gradients and therefore reentrant arrhythmias (36) . Figure 5 shows transverse line scan recordings of multiple myocytes in two intact hearts during four paced beats at a BCL ϭ 300 ms. There was nearly complete Ca 2ϩ alternans in the myocytes from the CON heart (note average intensity profile above the image; Fig. 5A ). In contrast, none of the myocytes in the RAN heart in Fig. 5B demonstrates Ca 2ϩ alternans. Figure  5C shows the rate dependence of alternans development for myocytes from a RAN heart (black circles) and a CON heart (white circles). Note that Ca 2ϩ alternans magnitude is calculated as alternans ratio so that alternans magnitude increases with decreasing BCL (increasing heart rate). The estimated cycle length at 50% alternans (ECL 50 ) was 341 ms in the CON heart compared with 274 ms in the RAN heart. The data summarized in Fig. 5D for all myocytes of each type depict a significant increase in vulnerability to Ca 2ϩ alternans (shift of ECL 50 to longer cycle lengths) found in hearts of CONrelative to RAN-treated rats.
We have proposed that the Ca 2ϩ cycling instabilities responsible for Ca 2ϩ alternans development may be related to a slowing in the rate of recovery (restitution) of SR Ca 2ϩ release as heart rate increases (32) . The rate of restitution of Ca 2ϩ release in a CON myocyte is shown in Fig. 5E ; the 50% recovery interval (R 50 ) was 347 ms. This rather long recovery interval is consistent with findings that we have previously reported for the SHR (11, 34) . The recovery interval was much shorter in a myocyte from a RAN heart (R 50 ϭ 271 ms), demonstrating that the slowing in the recovery of SR Ca 2ϩ release during HF development in the SHR was prevented by RAN treatment. The summary histogram in Fig. 5F shows that SR Ca 2ϩ release restitution in RAN-treated SHR was faster than in CON-treated SHR.
Acute I Na,L block increases Ca 2ϩ release rate and Ca 2ϩ reuptake rate in HF myocytes. In three CON hearts (n ϭ 9 myocytes), we added RAN to the superfusate to investigate its acute effects on Ca 2ϩ cycling in 10-mo-old SHRs. Figure 6 , A and B, shows transverse line scan images from a cell in an intact CON Fig. 3 . Calcium transients in myocytes of hearts from control-and ranolazine-fed rats. A: line scan image across multiple cells in an intact heart from a control rat. Horizontal black lines indicate cell boundaries. Average intensity profile for the entire site is shown above the image. Intensity profiles for selected myocytes are shown to the right of the image. B: line scan image from a ranolazine heart. F/F0, fluorescence intensity ratio. C-F: summary data for Ca 2ϩ transient rise time, time to peak, and durations at 50 and 90% recovery (TD50 and TD90, respectively) to baseline in myocytes from control-(red bars) and ranolazine-fed (green bars) rats. n ϭ 72-146 myocytes in 3 hearts each. *P Ͻ 0.05 and **P Ͻ 0.01 compared with control.
heart at BCLs of 700 and 300 ms, respectively. Note that the rise time of the Ca 2ϩ transient is slow at BCL ϭ 700 ms, giving a rounded appearance to the Ca 2ϩ transient; this was exaggerated during faster pacing (and consistent with results summarized in Fig. 3 ). RAN (10 M) was added to the superfusate for 10 min and recordings were repeated at both cycle lengths. Note the faster Ca 2ϩ release at both BCL ϭ 700 and 300 ms (Fig. 6, C-H) in the presence of RAN. The vertical line drawn between the recordings at the faster rate indicates the time at which peak magnitude of the Ca 2ϩ transient is achieved during RAN treatment. The time at which peak fluorescence occurs after RAN exposure is earlier than peak release before RAN treatment. The summary data in Fig. 6 , E-L, show that the rate of Ca 2ϩ release (rise time, time to peak) is increased by RAN during rapid pacing and that the slow Ca 2ϩ reuptake in HF is accelerated by RAN, again with a greater effect during rapid pacing. These data demonstrate that, in addition to chronic effects to slow the onset of Ca 2ϩ cycling defects, acute exposure to RAN also increases the rates of Ca 2ϩ release and reuptake, which are underlying determinants of systolic and diastolic function.
Effects of chronic I Na,L block on expression of Ca 2ϩ cycling proteins. We further investigated whether ranolazine has any potential effect on the expression level of different Ca 2ϩ handling proteins essential to excitation-contraction coupling. Protein lysates were obtained from LV tissue from both CON (n ϭ 4) and RAN rats (n ϭ 5). We quantified Cav1.2, NCX, SERCA2a, Nav1.5, and RyR2 protein levels. Figure 7 shows that expression of these proteins was not significantly changed in hearts from rats treated with RAN compared with CON animals. Thus any differences between the experimental groups must occur as the result of RAN treatment that does not involve changes in expression levels of these proteins.
Ranolazine block of I Na,L in SHRs at both 7 and 10 mo of age. Finally, we made direct measurements of I Na,L in SHR myocytes to determine the magnitude of the current and whether this current is blocked by relevant concentrations of ranolazine. Figure 8A shows a representative recording of I Na,L and the effects of RAN to reduce this current followed by complete block with tetrodotoxin. The concentration-response relationships for ranolazine (Fig. 8B) show that the IC 50 values for block of I Na,L by RAN were 3.7 Ϯ 0.01 and 4.7 Ϯ 0.25 M in myocytes from 7-and 10-mo-old rat hearts, respectively (P ϭ not significant). These data demonstrate that the 5.4 M concentration of RAN found in the plasma of RAN-treated rats was likely to have caused significant block of I Na,L in myocytes from SHRs used in this study. Finally, the magnitudes of I Na,L were significantly different between LV myocytes from hearts of 3-to 4-mo-old Wistar and 10-mo-old SHRs (Fig. 8C , **P Ͻ 0.01).
DISCUSSION
Recently, it has been suggested that the development of HF occurs as the result of the accumulation of myocytes with disrupted t-tubules (4, 5, 34, 35) . Disorganization of the t-tubule network is at least partially responsible for the defects in intracellular Ca 2ϩ cycling and contractile function characteristic of myocytes in HF. When the number of myocytes with poorly organized t-tubules is low, there is very little change in cardiac performance. However, as the number of myocytes with disrupted t-tubules increases, paralleled by a decrease in the number of myocytes with normal t-tubule organization and cell function, there will be a progression from a compensated hypertrophic stage to decompensated HF (35) . This process progresses with time until there are too few normal myocytes, Fig. 4 . Variability in Ca 2ϩ cycling along the cell length in myocytes in intact hearts from control-and ranolazine-fed rats. A and B: line scan images of Ca 2ϩ transients in individual myocytes recorded longitudinally from intact hearts of control and ranolazine treated rats, respectively, during pacing at a basic cycle length (BCL) of 700 ms. Average fluorescence intensity profiles are shown above each image. C-J: heterogeneity indexes (HIs; i.e., values of SD) of mean values of rise time, TD50, TD80, and TD90 of Ca 2ϩ transients recorded in cardiomyocytes from control-(red bars) and ranolazine-fed (green bars) rats during pacing at BCL ϭ 700 (left) and 300 ms (right). * P Ͻ 0.05, ** P Ͻ 0.01 compared with control. too many myocytes with defective t-tubules (both ultrastructurally and functionally), and eventually replacement of dead myocytes with fibrotic tissue.
The goal of the experiments in the present study was to determine if block of I Na,L might slow the progression to HF in a hypertension-induced model of cardiac hypertrophy. The major finding was that treatment of 7-mo-old SHR for 3 mo with ranolazine, an inhibitor of I Na,L , reduced the percentage of cardiac myocytes with poor t-tubule organization (i.e., those with an OI of 0.8 or lower; Fig. 1 ), shortened the duration and the longitudinal variability of the Ca 2ϩ transient in individual myocytes (Figs. 3, 4) , reduced rate-dependent Ca 2ϩ alternans (Fig. 5) , and improved the restitution of SR Ca 2ϩ release (Fig.  5) , compared with untreated control rats. Thus ranolazine improved the stability and synchrony of cellular Ca 2ϩ handling, especially at a high rate (BCL ϭ 300 ms) of pacing. These findings are consistent with previous reports that ranolazine reduces Na ϩ /Ca 2ϩ overloading and occurrences of delayed afterdepolarizations in myocytes from failing hearts (30) . The findings suggest that inhibition of late I Na during the development of cardiac hypertrophy and failure may be beneficial to reduce both the progressive loss of t-tubule organization and the increase of contractile and rhythm disturbances.
There is growing evidence that I Na,L is increased and contributes to electrical instability (arrhythmias) and LV diastolic dysfunction in HF and during ischemia (6, 17, 30) . We also found that the amplitude of I Na,L in this study was greater in LV myocytes from SHRs than in control rats. It has been suggested that CaMKII is activated (possibly by increased diastolic [Ca 2ϩ ] or reactive oxygen species) and then phosphorylates Na ϩ channels, resulting in an increase in I Na,L (16) . The reverse may also be true, namely, that an increase in I Na,L raises [Na ϩ ] i and therefore [Ca 2ϩ ] i , which in turn activates CaMKII (40) . Regardless of how I Na,L is enhanced, the result would be the intracellular accumulation of Na ϩ , which has been identified in nearly all forms of HF in both animal models and in patients (22-24, 31, 32 ). An increase in Na ϩ would in turn lead to a further increase in intracellular Ca 2ϩ via reversemode NCX, increasing Ca 2ϩ uptake into the SR, but because of increased SR Ca 2ϩ leak in HF (13), failing to increase SR Ca 2ϩ load while maintaining an increased diastolic Ca 2ϩ . This idea is supported by the fact that inhibition of I Na,L improved Ca 2ϩ cycling defects and diastolic relaxation of contractile force in this and previous (30, 31) studies.
From a more global perspective, it is interesting that there were no significant changes in myocardial mechanics in control SHRs as measured using advanced echocardiographic imaging over the 3-mo period of study. Systolic and diastolic functions were unchanged despite clear evidence of t-tubule disruption and accompanying alterations in Ca 2ϩ transients. The most likely explanation for this apparent discrepancy is the fact that this study was performed during the earliest phases of disease progression. It is known that hypertrophy is well developed and hypercontractile behavior occurs at about the initiation time point of this study (27) , so the heart is still in a fully compensated state. It is not surprising that after 3 mo there are not enough myocytes with poor t-tubule organization to induce an overall decline in cardiac function detectable by echocardiographic imaging. Also, since our measurements were made only on the epicardial surface of the middle LV, we do not know the extent of t-tubule remodeling throughout other regions of the ventricle (endocardium, base vs. apex) during disease progression. Our work and that of others (35) have demonstrated that the number of affected cells increases with disease severity in general, but it is likely that the fact that we do not see any overt changes in cardiac function suggests that the number of affected cells is just too small to produce significant changes in myocardial mechanics. Our ongoing work in older animals (J. A. Wasserstrom, G. L. Aistrup, L. Beussink, and S. Shah, unpublished observations) suggests that the decline in myocardial function occurs with a delay related to a requirement for a critical number of affected cells rather than showing a sudden onset when enough cells are affected (a threshold effect). Later, as disease progresses farther, there is a closer correlation between t-tubule remodeling and disease progression in the form of growing systolic and diastolic dysfunction (35 T-tubule remodeling and I Na,L . The mechanism(s) by which ranolazine decreased the percentage of myocytes with poor t-tubule organization (OIϽ0.8) is unclear. The fact that I Na,L inhibition with ranolazine reduced t-tubule remodeling suggests that I Na,L -mediated Na ϩ influx and the subsequent NCXmediated Ca 2ϩ accumulation are contributors to t-tubule disruption during disease progression in the SHR. An increase in the diastolic Ca 2ϩ concentration may ultimately cause mitochondrial Ca 2ϩ overload and apoptosis (8) and/or necrosis (18) . Expression of cardiac sodium channels with the long-QT syndrome 3 mutation N1325S, which enhances I Na,L , was associated with increased cardiomyocyte apoptosis and contractile dysfunction in mice (41) . Ranolazine was reported to reduce cytosolic Ca 2ϩ , mitochondrial permeability transition pore opening, and cell death after global ischemia and reperfusion (which increase I Na,L ) in the guinea pig isolated heart (2). In sum, these findings and ours suggest that enhancers and inhibitors of I Na,L may increase or reduce, respectively, injury and cell death associated with Ca 2ϩ overload, including disruption of t-tubule organization. However, because ranolazine is reported to stabilize cardiac ryanodine receptors (20) and to inhibit the rapid delayed rectifier K ϩ current (I Kr ) (3), it is possible that other actions of the drug, in addition to inhibition of I Na,L , may contribute to its beneficial effect in this study. However, since there is no I Kr present in rat ventricle, it is unlikely that drug actions on this current could contribute to the effects of ranolazine described here. 2ϩ transients in a control rat heart at BCL ϭ 700 and 300 ms. Intensity profile is shown below. C and D: recordings from the same heart as in A and B after 10 min of exposure to ranolazine (10 M). E-L: summary data for Ca 2ϩ transient characteristics before (red bars) and after 10 min exposure to ranolazine (green bars). n ϭ 9 myocytes in 3 hearts. *P Ͻ 0.05 and **P Ͻ 0.01 compared with control.
We found that chronic I Na,L block with ranolazine prevented the desynchronization of Ca 2ϩ cycling along the cell length observed in CON myocytes. This effect would be expected if t-tubule organization was better preserved, because Ca 2ϩ cycling properties should remain more synchronized and uniform when trigger Ca 2ϩ can uniformly activate sarcoplasmic reticular Ca 2ϩ release to enable rapid, synchronous, and efficient contraction. It is clear that t-tubule disruption occurs as part of the pathophysiology that is ultimately responsible for HF. Early intervention that prevents t-tubule disruption at the cellular level may slow or even reverse the progression from compensated, asymptomatic to decompensated HF.
I Na,L block decreases rate sensitivity to Ca 2ϩ alternans development. We found that chronic I Na,L inhibition had important effects on the rate vulnerability of Ca 2ϩ alternans. This form of Ca 2ϩ instability is probably responsible for APD alternans and the resulting T-wave alternans that are thought to be highly arrhythmogenic. APD alternans may underlie the repolarization gradients that are a substrate for reentrant arrhythmias (21, 25, 37) . Thus the development of Ca 2ϩ alternans at slow heart rates increases the vulnerability to reentry. We have demonstrated that there is a shift in Ca 2ϩ alternans susceptibility to progressively slower heart rates during the progression of HF in the SHR model (11, 34) . The underlying mechanism responsible for this increasing vulnerability to Ca 2ϩ alternans is likely to be related to the slowing in the recovery of SR Ca 2ϩ release as disease develops, making Ca 2ϩ cycling unstable at increasing heart rates (11, 34) . In this study we found that chronic I Na,L inhibition prevented both the increase in Ca 2ϩ alternans vulnerability to slow rates and the slowing in SR Ca 2ϩ release restitution. This suggests 1) that I Na,L in SHRs contributes to the slowing in Ca 2ϩ restitution and resulting increased rate-dependent vulnerability to Ca 2ϩ alternans and 2) that chronic block of I Na,L in the SHR decreases vulnerability to Ca 2ϩ alternans. These results demonstrate for the first time that chronic inhibition of I Na,L not only prevents ultrastructural and hypertrophic remodeling but also reduces the substrate for reentrant arrhythmias that arise during development of HF. Inhibition of I Na,L by ranolazine of electrical alternans may also contribute to its beneficial effects on cardiac function. Ranolazine reduces the transmural and beat-to-beat variability of action potential (AP) repolarization (3, 38) . Effects of ranolazine to decrease inward I Na,L and formation of early afterdepolarizations and to reduce the [Na ϩ ] i and NCXmediated Ca 2ϩ overloading may both be important to decrease the susceptibility of cardiac tissue to Ca 2ϩ and electrical alternans. Again, it is interesting that ranolazine is effective in reducing alternans sensitivity in SHRs where I Kr is absent and so cannot play a role in alternans formation, suggesting that the efficacy of the drug occurs through mechanisms that do not involve this current component.
Acute I Na,L inhibition corrects Ca 2 cycling defect. We also found that acute block of I Na,L improved both Ca 2ϩ release and reuptake in CON myocytes with slow Ca 2ϩ release. The fact that acute RAN treatment improved Ca 2ϩ cycling properties in myocytes showing distinct defects in excitation-contraction coupling suggests that acute administration of this agent might also improve cellular and cardiac function in HF. Indeed, this may represent a unique cellular target and novel approach for pharmacotherapy in decompensated HF.
The Western blot results demonstrated that RAN did not alter expression levels of a number of key proteins involved in excitation-contraction coupling. Consequently, we conclude that the beneficial actions of RAN (5.4 M) on HF development are likely to arise from its selective action to block I Na,L . However, it is worth noting that it is also possible that RAN could indirectly reduce CaMKII activity (40) , which could have important effects on Ca 2ϩ cycling and could contribute to the beneficial effects of RAN treatment. Clinical implications of chronic block of I Na,L during HF development. Our results demonstrate that it is possible to intervene during the transition from hypertension to decompensated HF in a manner that 1) slows the progression of both cellular and whole organ hypertrophy to decompensation, 2) significantly reduces t-tubule remodeling and the magnitude of Ca 2ϩ cycling defects that contribute to both systolic and diastolic HF, and 3) reduces the vulnerability to Ca 2ϩ alternans and its potential contributions to arrhythmias. A putative role for I Na,L in HF development raises the possibility that any underlying pathophysiological mechanisms responsible for increased I Na,L might not only contribute to disease development and the progression to HF but may also provide potential therapeutic targets for the prevention of HF.
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